Protein kinase M-f (PKM-f) is a constitutively active form of atypical protein kinase C that is exclusively expressed in the brain and implicated in the maintenance of long-term memory 1-9 . Most studies that support a role for PKM-f in memory maintenance have used pharmacological PKM-f inhibitors such as the myristoylated zeta inhibitory peptide (ZIP) or chelerythrine. Here we use a genetic approach and target exon 9 of the Prkcz gene to generate mice that lack both protein kinase C-f (PKC-f) and PKM-f (Prkcz 2/2 mice). Prkcz 2/2 mice showed normal behaviour in a cage environment and in baseline tests of motor function and sensory perception, but displayed reduced anxiety-like behaviour. Notably, Prkcz 2/2 mice did not show deficits in learning or memory in tests of cued fear conditioning, novel object recognition, object location recognition, conditioned place preference for cocaine, or motor learning, when compared with wild-type littermates. ZIP injection into the nucleus accumbens reduced expression of cocaine-conditioned place preference in Prkcz 2/2 mice. In vitro, ZIP and scrambled ZIP inhibited PKM-f, PKC-i and PKC-f with similar inhibition constant (K i ) values. Chelerythrine was a weak inhibitor of PKM-f (K i 5 76 mM). Our findings show that absence of PKM-f does not impair learning and memory in mice, and that ZIP can erase reward memory even when PKM-f is not present.
PKM-f is a constitutively active atypical kinase that is transcribed from an internal promoter in the Prkcz gene 10 . PKM-f and PKC-f show complementary patterns of expression, with PKM-f mainly expressed in the brain and PKC-f primarily expressed outside of the nervous system 10 . We used homologous recombination to target exon 9 of the Prkcz gene, which encodes the purine-binding site in the catalytic domain of PKC-f and PKM-f, to generate mice that lack both kinases. We confirmed the effect of Prkcz gene deletion on protein expression of PKC-f and PKM-f by western blot analysis. We detected an immunoreactive band at 52 kDa corresponding to PKM-f in brain samples from C57BL/6, wild-type and heterozygous Prkcz 1/2 mice, but not Prkcz 2/2 mice ( Fig. 1a) . A 70-kDa protein band, corresponding to PKC-f, was present in kidney and lung samples from wild-type mice but not from Prkcz 2/2 mice (Fig. 1a ). These data confirm that both PKC-f and PKM-f are absent in Prkcz 2/2 mice.
PKC-i is the third member of the atypical PKC subfamily that includes PKC-f and PKM-f. Although it is expressed in the brain, nothing is known about its role in regulating behaviour. Although female mice had higher levels of brain PKC-i immunoreactivity than males, levels were similar in Prkcz 2/2 and wild-type mice (two-factor ANOVA, F sex (1,22) 5 13.56, P 5 0.001; F genotype (1,22) 5 0.292, P 5 0.59; F sex 3 genotype (1,22) 5 0.009, P 5 0.9224; Fig. 1b, c) . Because all PKC isoforms require phosphorylation at the activation loop by phosphoinositide-dependent kinase-1 (PDK1) for catalytic activity 11, 12 , we investigated if there was increased phosphorylation of PKC-i at this site (T411) in Prkcz 2/2 mice. The ratio of phospho-T411-PKC-i/total PKC-i immunoreactivity ( Fig. 1d ) did not differ by sex or genotype (F sex (1,10) 5 0.096, P 5 0.76; F genotype (1,10) 5 0.567, P 5 0.47; F sex 3 genotype (1,10) 5 1.01, P 5 0.34), and there was also no genotype difference when we combined male and female data (t 5 0.744, P 5 0.47). These results indicate that loss of PKM-f and PKC-f does not result in a compensatory increase in the abundance of PKC-i or in PDK1-mediated phosphorylation of PKC-i. We were able to detect all other PKC isozymes in brain samples except for PKC-g, and PKM-f (,52 kDa) were detected in lung, kidney and brain samples from C57BL/6, wild-type (WT) and heterozygous Prkcz 1/2 mice but not from Prkcz 2/2 mice. b, PKC-i could be detected in wildtype and Prkcz 2/2 samples at ,72 kDa. His-tagged human PKC-i (PKC-i std) was run as a positive control. c, Females showed more brain PKC-i immunoreactivity than males without a difference between genotypes (n 5 8 wild-type females, n 5 6 wild-type males, n 5 5 Prkcz 2/2 females, n 5 7 Prkcz 2/2 males). Data are shown as mean 1 s.e.m. d, The phospho-PKC-i/ PKC-i ratio was similar between Prkcz 2/2 (n 5 7) and wild-type mice brain samples (n 5 7, P 5 0.47). e, All PKCs, except for PKC-g, were detectable by western blot analysis in wild-type and Prkcz 2/2 mouse brain samples, and were of similar abundance in both genotypes. and found that their abundance was similar in Prkcz 2/2 and wild-type mice ( Fig. 1e and Supplementary Fig. 1 ).
Prkcz 2/2 mice did not show morphological abnormalities or unusual behaviours compared with wild-type mice on a standardized behavioural screen 13 . Prkcz 2/2 (n 5 11) and wild-type mice displayed intact visual perception (n 5 22) on the visual cliff test with both genotypes avoiding the perceived cliff more than 50% of the time and to a similar extent (Mann-Whitney U-test, U 5 116.5, P 5 0.88). There was no genotype difference in the tail-flick test for thermal nociception (n 5 13 per genotype; t 5 0.163, P 5 0.87) or in total distance travelled in an open field (n 5 32 wild type, n 5 30 Prkcz 2/2 mice; t 5 0.748, P 5 0.46).
We analysed anxiety-like behaviour using the light-dark box and the elevated plus maze, which exploit the conflict between the desire to explore a novel environment and aversion to brightly lit, open spaces. In the light-dark box test, male Prkcz 2/2 mice spent 51% more time (F genotype 3 sex (1,52) 5 6.567, P 5 0.01) and travelled 36% farther in the lit compartment (F genotype 3 sex (1,51) 5 5.803, P 5 0.02) than male wild-type mice ( Fig. 2a, b ). The number of zone crossings was not different between genotype or sex (F genotype (1,52) 5 0.560, P 5 0.46; F sex (1,52) 5 1.184, P 5 0.28; F genotype 3 sex (1,52) 5 1.725, P 5 0.19) ( Fig. 2c ). On the elevated plus maze, Prkcz 2/2 mice of both sexes (n 5 31) made more entries into the open arms (F genotype (1,60) 5 5.615, P 5 0.02; F sex (1,60) 5 0.002, P 5 0.97; F genotype 3 sex (1,60) 5 0.013, P 5 0.91) and tended to spend more time in the open arms (F genotype (1,60) 5 3.302, P 5 0.07; F sex (1,60) 5 0.514, P 5 0.48; F genotype 3 sex (1,60) 5 0.285, P 5 0.60) than wild-type mice (n 5 33) ( Fig. 2d, e ). The number of closed-arm entries was not different between genotypes or sexes (F genotype (1,60) 5 2.629, P 5 0.11; F sex (1,60) 5 0.752, P 5 0.39; F genotype 3 sex (1,60) 5 0.039, P 5 0.85) (Fig. 2f ). These findings indicate that Prkcz modulates anxiety-like behaviour, particularly in male mice.
Because targeting the Prkcz gene reduced anxiety-like behaviour, we also examined fear responses using a cued fear-conditioning procedure, by which animals learn to associate a tone with a foot shock. In this paradigm, subsequent presentations of the tone alone evoke defensive freezing behaviour. Performance in this task is impaired in rats after ZIP administration into the amygdala 7 . We first compared the response to different shock intensities and found no genotype difference (F genotype (1,108) 5 0.848, P 5 0.37; F shock (6,108) 5 152.3, P , 0.0001; F genotype 3 shock (6,108) 5 1.298, P 5 0.26). Automated scoring correlated well with hand scoring for the first tone presentation on the training day (r 2 5 0.863, P , 0.0001; Supplementary Fig. 2a ), the average of five tone presentations on test day 1 (r 2 5 0.894; P , 0.0001; Supplementary Fig. 2b ) and the average of three tone presentations on test day 2 (r 2 5 0.786; P , 0.0003; Supplementary Fig. 2c ). There was a low level of freezing during the first tone presentation on the training day when the mice had not yet been exposed to the shock (Fig. 3a) . On test day 1, freezing to the tone was significantly greater, indicating that mice had learned to associate the tone with the foot shock. The mice exhibited a similar level of freezing on test day 2. We found no genotype difference in freezing during any of the sessions, indicating that Prkcz 2/2 and wild-type mice learned the association equally well (F genotype (1,90) 5 0.070, P 5 0.79; F session (2,90) 5 134.6, P , 0.0001; F genotype 3 session (2,90) 5 0.30, P 5 0.745).
Given that fear memory was unimpaired in Prkcz 2/2 mice, we investigated other tests of learning and memory. We first used a novel object recognition task to examine hippocampal-dependent learning and memory 14 . Wild-type (t 5 3.69, P 5 0.002) and Prkcz 2/2 mice (t 5 2.98, P 5 0.01) showed greater exploration of the novel object compared with chance, and there was no genotype difference in time exploring the novel object (t 5 0.31, P 5 0.76) (Fig. 3b ). We tested object location memory using a procedure in which performance is impaired in rats administered ZIP bilaterally into the hippocampus 1 . Mice of both genotypes spent more time exploring the new location (F genotype (1,23) 5 26.9, P 5 1.00; F location (1,23) 5 9.59, P 5 0.005; F genotype 3 location (1,23) 5 0.04, P 5 0.83) (Fig. 3c ). We assessed motor learning by measuring improvement in ability to remain on an accelerating rotarod over successive trials (Fig. 3d ). There was no genotype difference in improvement of performance over time (F genotype (1,84) 5 0.002, P 5 0.96; F session (4,84) 5 33.29, P , 0.0001; F genotype 3 session (4,84) 5 1.53, P 5 0.20), indicating that Prkcz 2/2 and wild-type mice learned this task equally well. We also assessed drug reward memory in male mice by measuring cocaine-conditioned place preference (CPP) 15 . Wild-type (t 5 3.838, P 5 0.006) and Prkcz 2/2 mice (t 5 3.645, P 5 0.01) spent significantly more time in the cocaine-paired chamber after conditioning and there was no genotype difference in the cocaine CPP index (t 5 0.153, P 5 0.88) ( Fig. 3e ). Because ZIP injection into the nucleus accumbens can erase cocaine reward memory in rats 3 , we tested whether ZIP reduces cocaine reward memory in male and female Prkcz 2/2 mice using the same cocaine treatment protocol 3 . We found that compared with saline, ZIP impaired cocaine CPP in Prkcz 2/2 mice (t 5 2.258, P 5 0.04) (Fig. 3f) .
The finding that ZIP inhibits memory in Prkcz 2/2 mice suggests that its effect on memory maintenance 1-9 occurs through PKM-findependent mechanisms. Recently, the specificity of ZIP and chelerythrine for inhibiting PKM-f has been called into question [16] [17] [18] [19] . Part of Prkcz 2/2 mice (n 5 16) spent more time and travelled farther in the lit compartment compared with male wild-type mice (n 5 13). There was no genotype difference in female mice (n 5 14 wild-type mice, n 5 13 Prkcz 2/2 mice). *P , 0.01 compared with male wild-type mice by Bonferroni post tests. c, The total number of zone crossings, a measure of locomotor activity, was similar between Prkcz 2/2 and wild-type mice of both sexes. d, e, Prkcz 2/2 mice (n 5 31) made more open-arm entries and showed a trend towards spending more time in the open arms than wild-type mice (n 5 33). f, The number of closed-arm entries was similar in both genotypes. Black bars represent wildtype mice; white bars represent Prkcz 2/2 mice; data are shown as mean 1 s.e.m.
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this concern arises because the PKC-f and -i pseudosubstrate peptide sequences are identical (SIYRRGARRWRKL), and PKC-i is widely expressed in the nervous system 20 . To determine the specificity of ZIP, scrambled ZIP and chelerythrine for PKM-f, we tested these compounds in an in vitro kinase assay using purified PKM-f, PKC-f and PKC-i (Table 1 and Supplementary Fig. 3 ). We found that both ZIP and scrambled ZIP inhibited PKM-f in the micromolar range, which is less potent than recently reported 21 . There was only a 7.3-fold difference in K i values between ZIP and scrambled ZIP, and this modest difference in K i values suggests that scrambled ZIP is not an ideal control peptide for ZIP inhibition of PKM-f. Interestingly, ZIP and scrambled ZIP were equally potent inhibitors of PKC-i and PKC-f compared with PKM-f (Table 1) . Chelerythrine was a weak inhibitor of PKM-f when assayed without dithiothreitol (DTT), and lost all inhibitory activity when 1 mM DTT was included (Table 1 and Supplementary Fig. 3d ). These results question the use of ZIP and chelerythrine as specific inhibitors of PKM-f.
Our in vitro studies indicate that the current pharmacological reagents commonly used to inhibit PKM-f are not specific for this kinase. More importantly, our in vivo studies with Prkcz 2/2 mice indicate that PKM-f is not required for long-term memory and that ZIP can impair memory through mechanisms that do not involve PKM-f. These findings cast doubt on the importance of PKM-f in the maintenance of long-term memory.
METHODS SUMMARY
Generation and testing of Prkcz 2/2 mice. A targeting construct containing a 1.1-kilobase (kb) floxed region of exon 9 was used to generate chimaeric mice that were crossed to produce wild-type and Prkcz 2/2 littermates. To detect PKC-f and PKM-f, an anti-PKC-f antibody (T. Sacktor) was used. Anti-phospho-PKC (pan) (fThr 410), which detects PKC-i phosphorylated at T411, was purchased from Cell Signaling Technology, as were antibodies to detect PKC-a, PKC-d, PKC-i and PKC-h. Anti-PKC-b, PKC-c and PKC-g antibodies were purchased from BD Transduction Laboratories. Anti-PKC-e antibody was previously generated (SN134) 22 .
Behaviour. The behavioural screen was based on methods described previously 13 . Methods for other behavioural tests are available in the online version of the manuscript. Data were examined for normality using a D'Agostino and Pearson omnibus normality test. Light-dark box and elevated plus maze results were analysed by two-factor analysis of variance (ANOVA) with a Bonferroni posthoc test. The relationship between machine and hand scoring of fear conditioning was analysed by calculating a Pearson product-moment correlation coefficient. In all tests of learning and memory we did not detect a sex difference; to increase power and the possibility of detecting a genotype difference, we combined results from male and female mice and analysed these data by ANOVA, t-, or Mann-Whitney U-tests. conditioning, wild-type (n 5 20) and Prkcz 2/2 mice (n 5 27) showed similar levels of freezing during all three sessions. b, During the novel object task, Prkcz 2/2 (n 5 17) and wild-type mice (n 5 16) spent more time exploring the new object compared with the old object. There was no genotype difference in exploration of old or novel object. c, In the spatial memory task, Prkcz 2/2 (n 5 13) and wild-type mice (n 5 12) spent more time exploring the new location compared with the old location and there was no genotype difference in exploration of either location. d, Prkcz 2/2 (n 5 11) and wild-type mice (n 5 12) remained on the accelerating rotarod for similar amounts of time and showed similar improvement in this task over successive trials. e, In the CPP test, Prkcz 2/2 (n 5 7) and wild-type mice (n 5 8) showed similar preference for the cocaine-paired chamber when tested one day after the last conditioning session. f, Compared with injection of saline (n 5 9), injection of ZIP (n 5 13) into the nucleus accumbens significantly reduced expression of cocaine CPP in Prkcz 2/2 mice. All data are shown as mean 6 s.e.m. *P 5 0.04 by two-tailed t-test. 
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